Introduction
============

Hepatoblastoma (HB) is one of the most common solid tumors, which caused cancer-associated mortality worldwide ([@b1-ol-0-0-8937]). As the most common malignant liver tumor of childhood, the incidence peaks in the first two years of life, with the majority of cases presenting by 5 years of age. Slight male preponderance is observed. HB may be present at birth and prenatal cases have been reported ([@b2-ol-0-0-8937],[@b3-ol-0-0-8937]). The molecular pathogensis of HB is remained to be elucidated. Different molecular alterations have been identified as being involved in the genesis of HB. Particularly, a deregulation of different signaling pathways has been described among which Wnt signaling ([@b4-ol-0-0-8937]--[@b6-ol-0-0-8937]), Sonic Hedgehog ([@b7-ol-0-0-8937]), Notch and phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin are counted as the main players ([@b8-ol-0-0-8937],[@b9-ol-0-0-8937]). It is of great importance to understand the molecular mechanisms to explore more targeted therapeutic strategies. HepG2 cells were isolated from a human liver biopsy of a 15-year old male with HB, which were shown to be a HB cell line ([@b10-ol-0-0-8937]--[@b12-ol-0-0-8937]).

DNA-damage regulated autophagy modulator 1 (DRAM1) is an evolutionarily conserved transmembrane protein, which localizes predominantly to lysosomes and acts as a target of tumor protein p53 (TP53)-mediated autophagy and programmed cell death ([@b13-ol-0-0-8937]). Recent reports have demonstrated that high levels of DRAM1 were associated with shorter overall survival in glioblastoma multiforme (GBM) patients, and knockdown of DRAM1 inhibited the migration and invasion abilities of glioblastoma stem cells (GSCs) ([@b14-ol-0-0-8937]). However, the precise contribution of DRAM1 to cancer cell invasion and migration and the underlying mechanisms remain unclear. Autophagy is an evolutionally conserved process in which amino acids, nutrients, and lipids are recycled when cells go through nutrient and oxygen deprivations ([@b15-ol-0-0-8937]). DRAM1 acts as a regulator of autophagy mediated by p53 in response to genotoxic stresses through regulation of the clearance of autophagosomes by promoting lysosomal acidification and inducing the activation of lysosomal enzymes ([@b16-ol-0-0-8937]).

Epithelial-mesenchymal-transition (EMT) represents a process of fast changes, during which the cell phenotype changes from epithelial to mesenchymal, the expression of mesenchymal markers were upregulated, the actin cytoskeleton was reorganization, cell-cell adhesion structures were destructed, and pseudopod formation emerges ([@b17-ol-0-0-8937]). During the EMT, the migratory ability of epithelial cells is enhanced ([@b17-ol-0-0-8937]). Autophagy is a catabolic process that mediates degradation of unnecessary or dysfunctional cellular components ([@b18-ol-0-0-8937],[@b19-ol-0-0-8937]). These two important processes in cancer are linked in an intricate relationship. EMT requires autophagy to support viability of potentially metastatic cancer cells, while a number of additional evidence indicates that autophagy acts to prevent EMT and that the activation of the autophagic machinery may determine reversion of the EMT phenotype in cancer cells ([@b20-ol-0-0-8937]--[@b24-ol-0-0-8937]).

This study was designed to investigate the effect of DRAM1 on cell invasion and migration, as well as explore the underlying mechanisms involved in cell autophagy and EMT. We provided the evidence that DRAM1 knockdown inhibited cell invasion and migration abilities of HB cells by inhibiting the autophagy-EMT pathway.

Materials and methods
=====================

### Antibodies and reagents

Antibodies for E-Cadherin and Vimentin were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Antibodies for DRAM1, P62 and LC3 were purchased from Abcam (Cambridge, MA, USA). Antibody for β-actin was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rapamycin was purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Transwell chamber was purchased from Corning Incorporated (Corning, NY, USA). Matrigel was purchased from BD Biosciences (Franklin Lakes, NJ, USA).

### Cell culture

Human HB derived HepG2 cells were obtained from the American Type Culture Collection and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; 11965500; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; 086150008; Wisten Inc., Anthem, AZ, USA), 100 IU/ml penicillin, and 100 IU/ml streptomycin in a humidified incubator at 37°C under 5% CO~2~ atmosphere, and passaged at preconfluent densities using 0.25% trypsin solution every 2 to 3 days. Cells were stored and used within 3 months after resuscitation from cryopreservation status.

### Transfection and RNA interference

The DRAM1 shRNA (shDRAM1: Tracking number TRCN0000161451, clone ID NM 018370.1--1356s1c1) were purchased from Sigma-Aldrich and the small interfering (si)RNA targeting DRAM1 was purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). For establish stable DRAM1 knockdown cells, HepG2 cells were transfected with DRAM1 shRNA and were selected in cell culture medium containing 1.5 mg/ml poromycin for 1 week. Cells were then cultured in culture medium for *in vivo* experiments. For transfection, cells were plated in 6-well plates at 30% confluency, and siRNA duplexes were introduced into the cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s recommendation. The siRNAs targeting sense sequences were as follows: DRAM1-1, 5′-CCACGAUGUAUACAAGAUA-3′; DRAM1-2, 5′-CCACGAAAUCAAUGGUGA-3′; Negative control, 5′-UAAGGCUAUGAAGAGAUAC-3′. The knockdown efficiency of specific proteins was determined by western blot analysis 48 h after shRNA or siRNA treatment.

### Short hairpin RNA (shRNA) lentiviruses production and transduction

A shRNA against DRAM1 was cloned into the pLKO.1 vector according to the manufacturer\'s protocol (Addgene, Inc., Cambridge, MA, USA). pLKO.1, scrambled shRNA (negative control), pMD2.G (used for viruspackaging) and psPAX2 (used for virus packaging) were purchased from Addgene, Inc. All constructs were verifed by sequencing. Lentiviruses were produced by co-transfecting 293FT cells (Invitrogen; Thermo Fisher Scientifc, Inc.) in 10-cm dishes with 10 µg pLKO.1-shRNA, 2.5 µg pMD2.G and 7.5 µg psPAX2 using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). HepG2 cells were infected with DRAM1 shRNA. Virus-containing medium was removed after 16 h and replaced with fresh DMEM. After 24 h, the cells were used experimentally.

### Transwell assay

The migration and invasion abilities were detected using Transwell chambers with 8 µm pore filters. The filters used for invasion assays were coated with 30 µl pre-diluted Matrigel (diluted at a ratio of 1:6 with serum-free DMEM medium). Cells (1×10^5^ cell/well for migration assay, 2.5×10^5^ cell/well for invasion assay) were appropriately added to the upper chambers. And then 0.6 ml DMEM medium supplemented with 10% FBS was added to the lower chambers as a chemoattractant. After incubation for 24 h, migrated or invaded cells were stained with DAPI. The cell number was counted under an optical microscope (5 different visual fields were randomly selected for each membrane and observed under ×600 magnification lenses). All experiments were performed at least in triplicate.

### Western blot analysis

Protein was extracted from cells using cell lysis solutions containing protease inhibitors and phosphorylase inhibitors. Equal amounts of protein were fractionated on Tris-glycine SDS-polyacrylamide gels and subjected to electrophoresis and transferred to NC membranes. Membranes were blocked with 5% non-fat milk with Tris buffered Saline-Tween-20 (TBS-T), and then incubated with primary antibodies against DRAM1, P62, LC3, E-Cadherin, or Vimentin. After washing in TBST, membranes were incubated with fluorescent secondary antibodies. β-actin was used as the loading control. Immunoreactivity was detected using ODYSSEY INFRARED IMAGER (Li-COR Biosciences, Nebraska, NE, USA). The signal intensity of primary antibody binding was quantitatively analyzed with Image J software (W.S. Rasband, Image J; National Institutes of Health, Bethesda, MD, USA).

### Immunofluorescence

The HepG2 cells were seeded onto cover glass in 24 well plates and cultured to the appropriate confluency. Thereafter, cells were washed with phosphate-buffered saline (PBS) for 5 min ×3 times. Then cells were treated with precooled alcohol for 15 min before blocked in PBS containing 1% BSA and 0.1% Triton X-100 for 1 h at room temperature. Then the cells were incubated with primary antibody overnight at 4°C. After washed 3 times with PBS for 10 min, the cells were incubated with Cy3-conjugated donkey anti-rabbit IgG for 1 h at room temperature. After another 10 min × 3 times of washing with PBS, cells were incubated with DAPI for 10 min, and dehydrated in increasing grades of ethanol and cover-slipped with Fluoromount Aqueous Mounting Medium (Sigma F4680; Sigma-Aldrich; Merck KGaA). The slices were analyzed with a laser scanning confocal unit (Zeiss LSM 710; Carl Zeiss, Jena, Germany).

### In vivo tumor growth analysis

The control shRNA-transfected cells and DRAM1 shRNA-transfected cells (1×10^7^) were intravenously injected into the tail vein of 6-week-old female athymic nude mice (Shanghai SLAC Laboratory Animal Co. Ltd., Shanghai, China). At 4 weeks later, the mice were anesthetized and photographed. After the mice were sacrificed, the livers were removed and photographed. All animal procedures were approved and monitored by the local Animal Care and Use Committee in Soochow University (License no. Syxk; Su-0062).

### Statistical analysis

All data were presented as means ± SEM. Data were subjected to one-way ANOVA using the GraphPad Prism software statistical package (GraphPad Software; GraphPad Software, Inc., La Jolla, CA, USA). When a significant group effect was found, post hoc comparisons were performed using the Student-Newman-Keuls test to examine special group differences. Independent group t-tests were used for comparing two groups. Significant differences with P\<0.05, 0.01, and 0.001 are indicated by \*, \*\*, \*\*\*, respectively. All calculations were performed using the 14.0 SPSS software package (SPSS, Inc., Chicago, IL, USA).

Results
=======

### DRAM1 knockdown inhibits the invasion and metastasis of HepG2 cells in vivo and in vitro

Previous studies reported that high expression of DRAM1 indicated poor prognosis in GBM tumors, and that inhibition of DRAM1 expression reduced invasion and metastasis of GSCs ([@b14-ol-0-0-8937],[@b25-ol-0-0-8937]). In order to further investigate the effects of DRAM1 on invasion and metastasis of HepG2 cells, we designed two different DRAM1 siRNA molecules (DRAM1 siRNA1, DRAM1 siRNA2) to knockdown DRAM1 expression. HepG2 cells were transfected with scramble siRNA, DRAM1 siRNA1 or DRAM1 siRNA2 at the concentration of 80 nM for 48 h. Western blot analysis of DRAM1 protein levels showed 57 and 71% of silence efficiency with DRAM1 siRNA1 and DRAM1 siRNA2, respectively ([Fig. 1A](#f1-ol-0-0-8937){ref-type="fig"}). Transwell chambers for migratory and invasive culture system were used to detect the migration and invasion abilities of HepG2 cells after DRAM1 was knocked down. The results showed that knockdown of DRAM1 significantly reduced the number of migrated ([Fig. 1B](#f1-ol-0-0-8937){ref-type="fig"}) and invaded ([Fig. 1C](#f1-ol-0-0-8937){ref-type="fig"}) cells, which indicated that DRAM1 knockdown inhibited migration and invasion abilities of HepG2 cells. Moreover, we transduced HepG2 cells with vectors expressing shRNAs against DRAM1 or the scramble shRNA ([Fig. 1D](#f1-ol-0-0-8937){ref-type="fig"}) and grafted these cells into nude mice by tail vein injection (1×10^7^ cells per nude mouse). 4 weeks later the DRAM1 knockdown cells exhibited slower growth and lower metastasis compared to the control shRNA-transfected cells ([Fig. 1E and F](#f1-ol-0-0-8937){ref-type="fig"}). Collectively, these results suggested that knockdown of DRAM1 inhibited the migration and invasion abilities of HepG2 cells both *in vitro* and *in vivo*.

### DRAM1 knockdown inhibits autophagy in HepG2 cells

In order to investigate the mechanisms underlying the inhibitory effects of DRAM1 knockdown on cell invasion and metastasis, the levels of autophagy-related proteins were detected. As shown in [Fig. 2A and B](#f2-ol-0-0-8937){ref-type="fig"}, decreased transformations of LC3I to LC3II as well as increased expressions of p62 were observed in DRAM1 siRNA groups, indicating that autophagy was inhibited by DRAM1 knockdown ([Fig. 2A and B](#f2-ol-0-0-8937){ref-type="fig"}). We next performed immunofluorescence to further detect the distribution of LC3 and p62 in HepG2 cells. In consistent with Western blot analysis, the results showed decreased distribution of LC3II and increased expression of p62 in the cytoplasm in DRAM1 knockdown cells ([Fig. 2C and D](#f2-ol-0-0-8937){ref-type="fig"}), which suggested that DRAM1 knockdown inhibited cell autophagy. Also, similar result was observed in knockdown cells by shDRAM1 ([Fig. 2E](#f2-ol-0-0-8937){ref-type="fig"}).

### DRAM1 knockdown abrogates RAPA-induced autophagy in HepG2 cells

We continued to verify the effects of DRAM1 knockdown on cell autophagy by applying RAPA, an autophagy inducer. HepG2 cells were transfected with DRAM1 siRNAs for 48 h with or without RAPA treatment and autophagy related protein levels were detected by Western blots. The results showed that the autophagy induced by RAPA stimulation was inhibited by DRAM1 knockdown. RAPA treatment caused an increased transformation of LC3I to LC3II and a reduced expression of p62 ([Fig. 3A and B](#f3-ol-0-0-8937){ref-type="fig"}), and the stimulatory effects of RAPA on cell autophagy were obviously inhibited when DRAM1 was knocked down. These results further verified the inhibitory potential of DRAM1 knockdown on cell autophagy.

### Invasion and migration of HepG2 cells were inhibited through autophagy-EMT pathway when DRAM1 was knocked down

We next set out to discover the mechanisms underlying the inhibitory effects of DRAM1 knockdown on the cell invasion and metastasis. Transwell chamber migratory and invasive culture systems were adopted to detect the migratory and invasive ability of HepG2 cells after DRAM1 was knocked down. As showed in [Fig. 4A and B](#f4-ol-0-0-8937){ref-type="fig"}, cell invasion and metastasis were inhibited after DRAM1 knockdown. Moreover, the stimulatory effects of RAPA on cell invasion and metastasis were also obviously rescued by DRAM1 knockdown ([Fig. 4A and B](#f4-ol-0-0-8937){ref-type="fig"}).

Since we have observed significant inhibition of DRAM1 knockdown on the invasion and metastasis abilities of HepG2 cells both *in vitro* and *in vivo*, we next detected the expression of EMT related proteins by western blots. The results showed an increased expression of E-cadherin and a decreased expression of vimentin in DRAM1 knockdown HepG2 cells, which indicated an inhibitory effect of DRAM1 knockdown on EMT. On the contrary, RAPA treatment caused a decreased expression of E-cadherin and an increased expression of vimentin, both of which were significantly reversed by the combined treatment of DRAM1 siRNA ([Fig. 4C](#f4-ol-0-0-8937){ref-type="fig"}). Similar result was obtained by shDRAM1 ([Fig. 4D](#f4-ol-0-0-8937){ref-type="fig"}). Collectively, these results suggested that the inhibitory effects of DRAM1 knockdown on the invasion and migration abilities of HepG2 cells likely worked through the autophagy-EMT pathway.

Discussion
==========

HepG2 cells were shown to be a HB cell line, which did not affected the outcomes of the study. HB is the most common liver malignant tumor diagnosed by the age of 4 years, accounting for 80% of liver cancers in children under the age of 15 years, among patients with localized HB, surgical resection is a common treatment option ([@b26-ol-0-0-8937],[@b27-ol-0-0-8937]). Liver transplantation is considered to be the only curative therapy, however, the majority of patients with advanced HB are not suitable for transplantation ([@b1-ol-0-0-8937]). Therefore, a more comprehensive understanding of the regulatory mechanisms of HB invasion and migration is beneficial for the survival improvement of HB patients. Previous reports have shown that DRAM1 played an important role in the migration and invasion of GSCs ([@b14-ol-0-0-8937]). Our previous results also revealed that DRAM1 was highly expressed in intestinal cancer. However, little is known about the precise contribution of DRAM1 in the migration and invasion of HB cells. In this study, we found that DRAM1 knockdown could inhibit the migration and invasion of HepG2 cells in the setting of transwell assay, which was further confirmed by animal experiments.

EMT is a natural process in which epithelial cells obtain characteristics of mesenchymal cells, which is recognized as an important procedure in cell invasion and metastasis. EMT happens in normal cellular processes, however, it may also be exploited by cancer cells, which triggers them to invade and form metastases at distant sites. EMT was reported to motivate the expression of mesenchymal markers in epithelial cells ([@b28-ol-0-0-8937]). The molecular regulators involved in EMT include specific molecules which distinguish epithelial cells from mesenchymal cells, and other constituents that can drive cells towards the targeted sites. Cells undergoing EMT typically show an increase in the expression of vimentin, fibronectin and integrin αvβ6, as well as a decrease in the expression of E-cadherin and cytokeratins. In our present study, with the application of rapamycin, the expression of vimentin was significantly upregulated while E-cadherin was downregulated in HepG2 cells. Meanwhile, the concomitant knockdown of DRAM1 reversed the alterations of these EMT markers. Our results suggested that DRAM1 knockdown regulated EMT thus inhibiting the invasion and metastasis of HepG2 cells.

Growing evidence has suggested that autophagy is closely related to human physiology and diseases including cancers. Pervious researches revealed that DRAM1 was a lysosomal protein associated with cell autophagy ([@b13-ol-0-0-8937],[@b29-ol-0-0-8937],[@b30-ol-0-0-8937]). Therefore, we speculated that autophagy may be involved in the inhibition of DRAM1 knockdown on the migration and invasion of HB cells. The results in this study demonstrated that the elevation of LC3-II and the decline of P62 stimulated by rapamycin treatment were blocked by DRAM1 knockdown, which suggested that cell autophagy was inhibited after DRAM1 knockdown. However, it is still controversial on the function of autophagy in regulating cell migration and invasion. Robin and colleagues showed that autophagy inhibition significantly reduced the invasion of tumor cells ([@b31-ol-0-0-8937]). Zhan *et al* reported that autophagy induced by the activation of toll-like receptor 3 or 4 could enhance the production of various cytokines and thereby facilitating the migration and invasion of lung cancer cells ([@b32-ol-0-0-8937]). On the contrary, there were also several researches suggested that autophagy could inhibit tumor cell migration and invasion ([@b22-ol-0-0-8937],[@b33-ol-0-0-8937]). In this study, we found that DRAM1 knockdown significantly decreased the levels of EMT markers and inhibited the migration and invasion of HepG2 cells, which could be reversed by rapamycin treatment. It needs to be clarified in future studies whether we could reverse the inhibition of migration and invasion in DRAM1-silenced HepG2 cells by activating autophagy.

In summary, DRAM1 played an important role in the regulation of HB migration and invasion. Our study demonstrated that DRAM1 knockdown inhibited cell invasion and migration by inhibiting the autophagy-EMT pathway, which could provide basic knowledge for the development of new therapies for HB in clinical practice.
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![Knockdown of DRAM1 inhibited invasion and metastasis of HepG2 cells *in vivo* and *in vitro*. (A) Knockdown efficiency of DRAM1 in HepG2 cells. Transient transfection of siRNAs was applied to knockdown DRAM1 expression for 48 h. The protein levels of DRAM1 were detected with Western blotting. β-actin protein was used as a loading control. Quantitative analysis was performed with Image J. (B) Migration and (C) invasion assay of HepG2 cells with or without DRAM1 siRNA. Invasion assay was performed with transwell-inserts coated with Matrigel. Images were taken with a microscope (magnification, ×600). Values were means ± SEM from 3 independent experiments. \*\*P\<0.01; \*\*\*P\<0.001; ns, P\>0.05 vs. control group. (D) Lentivirus-mediated shRNA decreased DRAM1 expression in HepG2 cells. Analysis of DRAM1 knockdown efficiency in HepG2 cells. Values were means ± SD from 3 independent experiments. \*\*\*P\<0.001, compared with Lv-shCon. (E) *In vivo* tumor metastasis assay of DRAM1 knockdown cells. HepG2 cells were intravenously injected into the tail vein of nude mice for 4 weeks. (F) The mice were sacrificed and examined for tumor metastases. DRAM1, DNA-damage regulated autophagy modulator 1; SD, standard deviation; SEM, standard error of the mean.](ol-16-02-2427-g00){#f1-ol-0-0-8937}

![Knockdown of DRAM1 inhibited autophagy in HepG2 cells. (A and B) Western blot analysis of autophagy related protein LC3I, LC3II and p62 in HepG2 cells, in response to knockdown of DRAM1. (C and D) Immunofluorescence analysis of LC3II and p62 in HepG2 cells, in response to knockdown of DRAM1. Values are means ± SEM from 3 independent experiments. \*P\<0.05; \*\*P\<0.01; ns, P\>0.05 vs. control group. LC3 fluorescence signal: Yellow arrow; p62 fluorescence signal: Red arrow (E) HepG2 cells were transduced with lentiviruses expressing a scramble oligo and a sequence targeting DRAM1 (shDRAM1). Western blot analysis of autophagy related protein LC3I, LC3II and p62 in HepG2 cells, in response to knockdown of DRAM1. Values are means ± SEM from 3 independent experiments. \*P\<0.05; \*\*\*P\<0.001. DRAM1, DNA-damage regulated autophagy modulator 1; SEM, standard error of the mean.](ol-16-02-2427-g01){#f2-ol-0-0-8937}

![DRAM1 knockdown abrogates RAPA-induced autophagy in HepG2 cells. HepG2 cells treated with 200 nM RAPA for 12 h. (A and B) Western blot analysis of the autophagy related protein. Values were means ± SEM from 3 independent experiments. \*P\<0.05; \*\*P\<0.01 vs. control group, ^\#\#^P\<0.01; ^\#\#\#^P\<0.001 vs. RAPA. DRAM1, DNA-damage regulated autophagy modulator 1; SEM, standard error of the mean.](ol-16-02-2427-g02){#f3-ol-0-0-8937}

![DRAM1 knockdown inhibits invasion and migration of HepG2 cells. (A and B) Migration and invasion assay of HepG2 cells with or without DRAM1 siRNA. Invasion assay was performed with transwell-inserts coated with Matrigel. Images were taken with a microscope (magnification, ×600), \*P\<0.05; \*\*\*P\<0.001 vs. control; ^\#\#\#^P\<0.001 vs. RAPA. (C) Western blot analysis of E-cadherin, and vimentin in HepG2 cells transfected with DRAM1 siRNA. Values were means ± SEM from 3 independent experiments. \*P\<0.05; \*\*P\<0.01 vs. control group; ^\#^P\<0.05; ^\#\#^P\<0.01 vs. RAPA. (D) *In vivo* tumor metastasis assay of DRAM1 knockdown cells. HepG2 cells were intravenously injected into the tail vein of nude mice for 4 weeks. The mice were sacrificed and their livers were harvested. Liver specimens were examined for the protein levels of E-cadherin and Vimentin by western blotting. Values were means ± SEM from 3 independent experiments. \*P\<0.05; \*\*P\<0.01 vs. control group. DRAM1, DNA-damage regulated autophagy modulator 1; SEM, standard error of the mean.](ol-16-02-2427-g03){#f4-ol-0-0-8937}
